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Abstract
Stimulus threshold and response latencies were measured for electrically elicited retinal ganglion cell responses in retina isolated from
the eyes of normal and retinal degenerate (rd1) mice. Stimulation of the ganglion cell-side in normal retina yielded a signiWcantly lower
mean threshold and shorter latency when compared with stimulation of the photoreceptor side in normal retina. The latency of the gan-
glion cell-side stimulation in normal retina also proved to be signiWcantly shorter than the latency for stimulation of the ganglion cell side
in rd1 retina. Thus both the electrode positioning as well as the health of the retinal tissue play a role in the stimulating current required to
elicit a retinal response.
© 2006 Elsevier Ltd. All rights reserved.
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Diseases such as retinitis pigmentosa (RP) and age-
related macular degeneration (AMD) are signiWcant causes
of visual impairment in the United States and worldwide.
Retinitis pigmentosa alone aVects an estimated 1 in 4000
individuals (Heckenlively, Boughman, & Freidman, 1998)
and AMD is the leading cause of vision loss among adults
over the age of 65 in Western countries (Hyman, 1987),
with an estimated 4.5 million aVected in the Unites States
alone (Hampton & Nelson, 1992). Morphometric studies
have conWrmed the survival of 30% of ganglion cells and
88% of inner nuclear layer cells within the macular region
of retinas from patients with severe RP (Santos et al., 1997).
Some studies have found even higher survival rates of gan-
glion cells (53–97%) in patients with AMD (Medeiros &
Curcio, 2001). In addition, studies of intraocular epiretinal
electrical stimulation in blind patients with RP or AMD
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doi:10.1016/j.visres.2006.03.031have demonstrated the perception of discrete, non-Xicker-
ing, and retinotopically-correct phosphenes (Humayun &
de Juan, 1998; Humayun et al., 1996; Humayun et al.,
1999). These observations have suggested the feasibility of a
visual prosthesis capable of stimulating the surviving inner
retinal neurons and thereby potentially restoring some
visual function in these patients. At present there are sev-
eral groups working on retinal prostheses, varied both in its
conWguration and site of intended implantation (Chow &
Chow, 1997; Eckmiller, 1997; Humayun et al., 1996).
Integral to the production of an eVective retinal prosthe-
sis is an understanding of the optimal parameters for elec-
trical stimulation of retinal tissue (Rizzo & Wyatt, 1997;
Zrenner et al., 1999). Retinal isolate preparations can pro-
vide an excellent opportunity to answer some of the ques-
tions related to electrode geometries and their eVect on
stimulation thresholds. Herein we evaluate the eVect of
electrode positioning on electrically-elicited retinal gan-
glion cell responses. We will also elaborate on previous
studies of electrically-elicited retinal responses in a normal
versus degenerated retina.
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2.1. Preparation of the mouse retina
Twenty retinas each were isolated from either normal (wild type, strain
C57BL/6J) or retinal degenerate (rd1/rd1, strain C3H/HeJ) mice (Jackson
Laboratories, Bar Harbor, ME). All animals were between 8 and 12 weeks
of age. The animals were handled with approval from the Johns Hopkins
University IACUC and in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Prior to harvesting
their retinas, the mice were dark-adapted overnight to facilitate separation
of the retina from the RPE. The entire isolation procedure was carried out
under dim red light. After the mice were anaesthetized with an intraperito-
neal injection of combined Ketamine HCl (60 mg/kg; Parke Davis, Morris
Plains, NJ) and Xylazine HCl (8 mg/kg; Phoenix Pharmaceutical, Inc., St.
Joseph, MO), one eye from each mouse was enucleated. After the enucle-
ations, the mice were sacriWced by cervical dislocation. A 25-gauge needle
was then used to make a sclerotomy immediately posterior to the limbus
of each enucleated eye. This incision was then extended circumferentially
for 360°. At this point, each eye was transferred into a chamber (ORC-1,
Center for Network Neuroscience) containing a continuous Xow of oxy-
genated Ringer’s Solution (110 mM NaCl, 2.5 mM KCl, 1 mM CaCl2,
1.6 mM MgCl2, and 10 mM D-glucose buVered with 22 mM NaHCO3 and
5% CO2/95% O2 [pH 7.4] (Soucy, Wang, Nirenberg, Nathans, & Meister,
1998) heated to 37 § 0.3 °C. With the aid of a surgical microscope, the
anterior segment was carefully dissected, with care taken to limit any
mechanical stress on the retina. The retina was then gently separated from
the remaining posterior eyecup with forceps and the optic nerve was then
cut between the retina and sclera/choroid. The retina was then hemisected
and placed either photoreceptor-side or ganglion cell-side up in a custom-
built electrophysiology chamber. The orientation of the retina (temporal
versus nasal, superior versus inferior) was not known when the isolation
procedure was Wnished and when the retina was placed in the chamber.
2.2. Electrical stimulation and recording
Electrical stimuli were delivered to the retina using two 125 m diame-
ter platinum electrodes (FHC Inc., Bowdoinham, ME), with one electrode
acting as the current source and the other acting as the current sink; a near
ground was also located approximately 2 cm from the stimulating elec-
trodes. The electrode tips were planar discs with an un-isolated area of
12,271 m2. The electric Weld generated by this setup was capable of pene-
trating the retina and producing focal stimulation. Proper placement of
the stimulating electrodes was assured by using both visual and auditory
cues. A binocular microscope was used to monitor the electrode’s
approach to the retinal surface and a speaker was connected to the ampli-
Wer. Retinal contact could then be visually veriWed as well as recognized by
the sound of ganglion cell discharges from the speaker (Mahadevappa
et al., 2005). This technique reduced the likelihood of unintentional pene-
tration of the retina by the stimulating electrodes. The distances between
the stimulating and recording electrodes were kept consistent throughout
the data acquisition by constant reference to a metallic grid of known size
patterned onto a glass slide (MMEP, Center for Network Neurosciences,
University of North Texas, Denton, TX) upon which the retina was
placed. This experimental setup (Fig. 1) was chosen for several reasons.
The distance between the stimulating electrodes was necessary to avoid
shorting the electrodes. Furthermore, by stimulating a larger area of ret-
ina, the possibility of recording an induced response was increased. Two
tungsten needle electrodes (A-M Systems Inc., Carlsborg, WA) were used
to diVerentially record all data (impedance 1–3 M). The needles were
placed in the ganglion cell layer between the stimulating electrodes and the
optic disc to record orthodromic responses. To assure their proper place-
ment in the ganglion cell layer, light responses were obtained in all normal
retinas. Proper placement of electrodes for photoreceptor-side stimulation
(the bipolar/horizontal cell-side in the rd1 retina) was assured by connect-
ing the electrodes to a speaker and observing the change in background
noise that occurred as the electrodes made contact with the retinal surface.
All of the electrodes (both stimulating and recording) were controlledusing micromanipulators (Kite-R, World Precision Instruments, Sarasota,
FL) and all placements were also carried out under direct microscopic
observation.
Stimulus generation and data aquisition was computer controlled (AC
Daq, AC Instrumentation, Seattle, WA). Filtering and ampliWcation of the
signal was carried out in two steps to yield a net 20 K gain and a band-
width of 0.3–3.0 KHz. The initial stage of Wltering was carried out by a bat-
tery-powered pre-ampliWer (P15, Grass Instruments, Quincy, MA), and
the Wnal stage was carried out by a Dagan AmpliWer (Dagan Corp.,
Minneapolis, MN). Electrical stimuli were generated by a custom-built
voltage-current converter under computer control. Light stimuli were gen-
erated by a 1000 lumen Xenon light source (CX4-124, Varian, Danvers,
MA) and delivered via a computer-controlled light shutter (Uniblitz T132,
Vincent Associates, Rochester, NY), and a Wber optic light pipe located
approximately 4 cm from the retina.
Light responses were recorded for 1 s, with the light stimulus beginning
100 ms after the onset of recording and lasting for 200 ms. Light response
data was used in the normal retina as a conWrmation of the overall viabil-
ity of the retina after the isolation process. All electrically-evoked action
potentials were recorded for 12 ms. The electrical stimulus was a constant
current, biphasic, charge-balanced, cathodic-Wrst square wave stimulus
with a phase width of 1 ms and a 3 ms interphase delay. An interphase
delay of this magnitude enabled us to discern which phase had induced the
response as well as reducing the possibility of a response being obscured
by a stimulus artifact. The designation of cathodic-versus-anodic for stim-
ulus phase was made relative to the source electrode. The initial stimulus
was set at a current intensity of 10 A and was increased stepwise by 10 A
until a response was elicited. The current was then lowered until the
threshold was found. The threshold was deWned as the lowest current level
necessary to achieve a response in 4 out of 5 trials. The mean of the Wve
recorded responses was then taken and used as the measured latency or
threshold data. This same stimulus algorithm was used in all experiments.
The latency data was obtained from the responses at threshold and was
measured from the beginning of the stimulus phase (cathodic or anodic),
immediately preceding the induced response to the peak of the response.
Responses were recorded after both cathodic and anodic phases. Further
conWrmation that the response was from the ganglion cells was obtained
by slightly retracting the recording electrodes from the ganglion cell layer
(using the micromanipulator) and consequently observing the absence of
the response without signiWcant change of the artifact. A total of 40
induced ganglion cell measures (each the mean of 5 responses) were
recorded, 10 from each of two diVerent mouse strains, each of which was
exposed to two diVerent sides of stimulation.
2.3. Statistical analysis
The current and latency data were Wrst analyzed with the ANOVA test,
followed by a pair-wise comparison using the Bonferroni method.  A P-
Fig. 1. Diagram of the relative positions of the electrodes on the isolated
retina. The semi-circle pictured here represents the Xattened piece of iso-
lated retina. The stimulating electrodes were positioned toward the
periphery of the piece of retina, with the recording electrodes placed in the
ganglion cell layer, between them and the disc, to record orthodromic
responses. The Wgure is not to scale.
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was used to verify that the distribution of the data sets was Gaussian.
3. Results
The waveform and amplitude of the recorded responses
were consistent with those reported in the literature for
extracellular ganglion cell recordings from mice as well as
several other species including cat, rabbit, and goldWsh
(Grumet, Wyatt, & Rizzo, 2000; KuZer, 1953; Northmore
& Oh, 1998; Radner, Sadda, Humayun, Suzuki, & de Juan,
2002). In the normal retina, the mean threshold for ganglion
cell-side stimulation proved to be lower (P D 0.001) than for
the photoreceptor-side stimulation (Table 1). Similarly, the
mean latency was shorter (P D0.02) for ganglion cell-side
stimulation when compared with the photoreceptor side. In
contrast, in the rd1 retina, no signiWcant diVerences were
observed in either threshold (P D1.0) or latency (P D 0.39),
as the side of stimulation was varied. Comparison of the
results of ganglion cell-side stimulation in a normal versus
rd1 retina showed a longer (P D0.0278) latency for the
responses recorded in the rd1 retina. The interaction among
these two groups for threshold (P D 0.0597) showed a trend
towards higher thresholds in the rd1 retina. No such inter-
action was observed with the threshold (P D 0.51) and
latency (P D0.81) data for the photoreceptor side (i.e., sub-
retinal) stimulation when normal and rd1 retina data were
compared. Charge density values ranged from a low of
61.2C/cm2 for ganglion cell-side stimulation in the normal
retina to 157.4C/cm2 for photoreceptor-side stimulation in
the normal retina. Fig. 2 shows examples of electrically
induced responses in both normal and rd1 retina, following
both anodic and cathodic stimulus phases. Retinal histology
of the normal and rd1 mouse suggest that the outer seg-
ments are completely degenerated in 8–12 week rd1 mouse,
but that the inner retina structure is maintained (Fig. 3).
4. Discussion
In this study, the eVect of stimulating electrode location
on stimulus thresholds and latencies was evaluated in both
the normal and retinal degenerate mouse retina.
In the normal retina, the observed thresholds and laten-
cies were both signiWcantly lower when the stimulating elec-trodes were placed on the ganglion cell-side rather than the
photoreceptor side. This could imply that responses are
generated from diVerent retinal sites for epiretinal versus
subretinal stimulation. Whether the ganglion cells only are
being directly stimulated (versus stimulation of some other
deeper cellular elements with subsequent synaptic activa-
tion of ganglion cells), or whether the soma or axons of the
neurons are the sites of stimulation is not discernible with
this data. To more deWnitively localize the sites of stimula-
tion, studies using speciWc synaptic blockers may be helpful
(Jensen, Ziv, & Rizzo, 2005). It is also conceivable that the
observed diVerences could be due to the eVect of diVerent
current paths and/or extracellular matrix composition at
the layers nearest the stimulating electrodes. Photorecep-
tor-side stimulation required signiWcantly higher amounts
of current to induce a response. Among the potential rea-
sons for this diVerence is the increased distance between the
stimulating electrode and neuron somas imposed by the
photoreceptor outer segments (Fig. 3).
When looking at the results of stimulation in the rd1
retina, two observations can be made. First, statistically
signiWcant diVerences no longer exist with either threshold
or latency, as the site of stimulation is alternated between
epiretinal versus subretinal. This could indicate a similar
cellular site of stimulation with both electrode positions.
Second, when compared with normal mice, there is a sta-
tistically signiWcant increase in latency and a strong trend
towards increased thresholds with ganglion cell-side stim-
ulation in the rd1 mice. One explanation for these obser-
vations is the health of the retina. The morphologic
changes that occur in the rd1 retina have been well-docu-
mented (Bruckner, 1951; Tansley, 1951). By one month of
age, the rods are absent and the cones are signiWcantly
degenerated as well (Caley, Johnson, & Liebelt, 1972;
Carter-Dawson, LaVail, & Sidman, 1978). Several other
studies have also noted morphologic changes in areas of
the inner retina (Carter-Dawson et al., 1978). Ward
reported that the thickness of the inner nuclear and inner
plexiform layers was reduced in rd1 mice (Ward, 1982)
and Grafstein et al. have documented a 10–20% reduction
in size of the ganglion cells in the rd1 retina (Grafstein,
Murray, & Ingoglia, 1972). Studies have also documented
decreased numbers of bipolar cells, as well as a failure of
these cells to form normal dendritic arborizationsTable 1
Means and standard errors for the diVerent experimental groups
The designation of photoreceptor or ganglion cell refers to which side of the retina the stimulating electrodes were placed upon. All induced responses
were recorded from the ganglion cell layer.
RD mouse Normal mouse
Photoreceptor Ganglion cell Photoreceptor Ganglion cell
Number of responses 10 10 10 10
Threshold: (A) 63.27 54.57 77.26 30.04
(SE) 14.25 12.45 17.98 11.43
Charge density (C/cm2) 128.9 111.2 157.4 61.2
Latency: (ms) 3.01 2.69 2.77 2.11
(SE) 0.41 0.31 0.41 0.43
T.M. O'Hearn et al. / Vision Research 46 (2006) 3198–3204 3201web version of this paper.)Fig. 2. Three examples of induced responses with overlaid stimulus pulse in both normal and rd1 retinas as well as following both anodic or cathodic
pulses. The colored lines correspond to the recorded stimulus artifact and the responses themselves, whereas the bold, unbroken line corresponds to the
electrical stimulus. The three phases of the stimulus pulse are labeled (stimulus pulse not shown to scale). The peaks of the induced responses are marked
by a bold arrow. The broken, bold line demonstrates how latency was measured for responses. Within each Wgure, all induced responses were recorded
with identical stimulus amplitude and electrode placement. (For interpretation of the references to color in this Wgure legend, the reader is referred to the
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Fig. 2. (continued)Fig. 3. Light microscopy with H + E staining from normal (left) and rd1 (right) mouse retina. The slide illustrates the signiWcant diVerences in morphology,
as well as the diVerences in width of the two types of retina. (40£ magniWcation, S, sclera; CC, choriocapillaris; RPE, retinal pigment epithelium; OS, pho-
toreceptor outer segments; IS, photoreceptor inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer.)
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order neurons in the retina require photoreceptors to
develop their normal morphology. Abnormalities have
also been reported with receptor quantities and distribu-
tion, speciWcally including a decrease and de-localization
of the glutamate metabotropic receptor (Strettoi & Pigna-
telli, 2000) as well as receptor Welds (Drager & Hubel,
1978). Finally, Yazulla et al. have demonstrated a twofold
increase in the GABA content of rd1 retinas versus the
control (Yazulla, Studholme, & Pinto, 1997). These stud-
ies support the contention that retinal degenerations such
as in the rd1 mouse aVect the functional properties of reti-
nal cells, including stimulus thresholds and latencies.
In spite of the well-documented retinal changes in rd1
mouse, we did not see a dramatic diVerence in response prop-
erties. This is in contrast to human studies of patients who
are blind from RP, which suggest that more severely degener-
ated areas of the retina require higher currents (Humayun
et al., 1999). The fact that we only see a trend toward higher
currents may be due to the age at which the rd1 retinas were
harvested from the mice (8–12 weeks). The histology suggests
that these retina were not in a late phase 3 degeneration
(Marc, Jones, Watt, & Strettoi, 2003) where signiWcant neural
retina remodeling has occurred. As retinal remodeling pro-
gresses, threshold and latency values may show even more
diVerence from normal instead of the slight diVerences noted
in this data. Thus, future studies may be better able to model
end-stage human disease by using older mice with late phase
3 degenerations (Marc et al., 2003).
Several observations have potential relevance for the
design of retinal prosthetic devices. The charge density mea-
surements for stimulation of the rd1 retina in this study were
within the accepted safe limits for platinum electrodes (Beebe
& Rose, 1988). The Wnding that there was no signiWcant
change in stimulus thresholds in the rd1 retina as the side of
stimulation was varied would suggest that there might be no
advantage with respect to power demands for epiretinal ver-
sus subretinal placement of a prosthetic device at threshold
level. Furthermore, the observation that latencies were not
signiWcantly diVerent between either side of stimulation in the
rd1 retina would suggest that both subretinal and epiretinal
prostheses will activate the same neural element and will uti-
lize the same amount of neural processing, if neurons distal to
ganglion cells are the site of stimulation. The signiWcant diVer-
ences found between a normal and an rd1 retina in both stim-
ulation threshold and latency suggest that the substitution of
a normal retina for an rd1 retina may not be a suitable model
for future in vitro electrical stimulation studies. Lastly, the
diVerences found in our study indicate the need for more
detailed studies of diVerences in both electrical stimulation
parameters and neuronal response characteristics between the
rd1 retina, other related animal models, and normal retina.
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